Aim Strain elastography is a novel approach to rectal tumour evaluation. The primary aim of this study was to correlate elastography to pT stages of rectal tumours and to assess the ability of the method to differentiate rectal adenomas (pT0) from early rectal cancer (pT1-2). Secondary aims were to compare elastography with endorectal ultrasonography (ERUS) and to propose a combined strain elastography and ERUS staging algorithm.
Introduction
Bowel cancer screening programmes have increased early diagnosis of rectal neoplasia [1, 2] . Benign adenomas and early rectal cancers confined to the submucosa (pT1) are most appropriately offered endoluminal resection as the primary treatment [3] [4] [5] and all early cancers (pT1/pT2) may be considered for trials of multimodal, minimal invasive therapy [6] [7] [8] [9] [10] [11] [12] [13] . The ability to distinguish adenomas (pT0) from early rectal cancers (pT1-2, N0) has therefore become a priority, in addition to differentiating pT1 tumours eligible for local resection from pT2 tumours more appropriately treated with resectional surgery/total mesorectal excision.
MRI is currently unable to discriminate adenomas from early rectal cancer [14] , and even biopsies understage a significant proportion of early cancers due to intra-tumour heterogeneity [15] [16] [17] . Endorectal ultrasonography (ERUS) currently forms the best basis for early rectal cancer T staging. While meta-analyses suggest high precision for ERUS T staging [18, 19] , discriminating rectal adenomas from early rectal cancer often remains difficult [20] [21] [22] [23] [24] .
Strain elastography [25, 26] is a novel approach to rectal tumour evaluation. The semi-quantification of tissue hardness is enabled by using a quasi-static autocorrelation real time elastography method as previously described [21, [27] [28] [29] . Strains of insonified tissue are calculated from the frame-to-frame movement of tissue echoes under a relatively slow compression and decompression. Clinical application for the differentiation of benign and malignant tumours has been validated in several organs [30] [31] [32] [33] [34] . There are few studies on the evaluation of elastography of rectal tumours [21, 35] and to our knowledge no previous study has been published assessing elastography staging of early-stage rectal neoplasia.
The primary aim of this study was to correlate strain ratio with pT stage and to assess the ability of endorectal strain elastography to improve the staging of earlystage rectal neoplasia compared with ERUS. As the elastography algorithm is based on the information provided by ERUS B-mode images, it should be regarded as an adjunct to ERUS examination in clinical practice. Consequently a secondary aim was to compose a combined elastography and ERUS algorithm for the assessment of early rectal cancer.
Method Patients
One hundred and twenty consecutive patients referred to Haukeland University Hospital for diagnostic evaluation and staging of suspected rectal tumour were considered in this study. Results are presented from 59 patients who were not treated with preoperative radiotherapy. Inclusion criteria were (i) patients presenting with a sessile rectal adenoma or adenocarcinoma, (ii) distal border ≤ 15 cm above the anal verge by rigid rectosigmoidoscopy, (iii) subsequent surgical excision and (iv) no use of neoadjuvant radiation therapy. Patients who had had previous rectal surgery or pelvic radiotherapy were also excluded. Informed consent was mandatory. Patient characteristics are summarized in Table 1 .
ERUS and endorectal strain elastography
We used a standard ultrasonography scanner equipped with software for elastography (Hitachi EUB-8500, software version V16-04A; Hitachi Medical Corporation, Kashiva, Japan). Ultrasound imaging and elastography were performed with a rigid 360°rectal ultrasound probe (Hitachi EUP-R54AW-19) at 10 MHz.
The patients were subjected to a same-session standardized clinical examination, ERUS and strain elastography as described previously [21] . All examinations were performed by a single examiner. ERUS T staging was based on tumour growth through the rectal wall layers according to the TNM classification system and conclusions were recorded before elastography evaluation was initiated. In one patient (pT2) the ERUS and elastography were technically not feasible according to protocol. A predefined strain ratio (SR) cut-off [21] was used to distinguish adenomas from early rectal cancer.
A graded set of elastography SR cut-off levels based on a receiver operator characteristics (ROC) analysis was used for the combined elastography and ERUS assessment. Based on the ROC analysis SR ≤ 0.80 identified only T0 tumours and an SR interval from 0.81 to 1.60 identified only T0-1 tumours. The latter could be sub-stratified into intervals of SR 0.81-1.10 and SR 1.11-1.60. Finally SR ≥ 1.61 identified T2-4 tumours but also included some T0 and T1 tumours. These intervals were combined with ERUS T staging into a combined ERUS and elastography staging algorithm (Figs. 1-3).
Histopathological evaluation
The examiner was not aware of any biopsy result prior to the ERUS or elastography examination. Transanal endoscopic microsurgery (TEM) specimens were pinned on a plate, fixed, serially sectioned at 2-3 mm intervals and completely embedded. Rectum resection specimens were sliced at 3-4 mm intervals and representative sections were selected for microscopy. Tissue sections were stained with haematoxylin and eosin.
Statistical analysis
An SR cut-off defining malignancy as SR ≥ 1.25 was derived from pilot work in a discovery set of tumours [21] for the initial comparison of strain elastography and ERUS. The test validity parameters sensitivity, specificity, accuracy, negative predictive value and positive predictive value were calculated for elastography SR evaluation, ERUS evaluation, the combined assessment algorithm and multidisciplinary team (MDT) assessment.
Histopathology of the resection specimens was used as reference standard.
One-way ANOVA was used to test for differences in SR values between T stages. The Blyth-Still-Casella procedure was chosen to calculate confidence intervals (CI) of test validity parameters [36, 37] . An ROC curve analysis was performed to identify the SR cut-off for the combined ERUS elastography T staging algorithm. The 
Results

Histopathology tumour stages
Tumour stage was verified by histopathological assessment as 21 adenomas (pT0), 13 pT1 tumours, nine pT2 tumours, 15 pT3 tumours and one pT4 tumour. One ERUS/strain elastography examination of a pT2 tumour was technically not feasible. Consequently a total of 58 patients were included in the statistical analyses and 42 in the sub-analysis of adenomas (pT0) and early rectal cancers (pT1-2).
Elastography SR assessment
The elastography SR of different pT stages was significantly different (P = 0.01, one-way ANOVA) with a mean SR (95% CI) for individual T stages of T0, 1.03 (0.88-1.22); T1, 2.44 (1.67-3.33); T2, 6.29 (2.30-11.55); and T3, 4.52 (2.92-11.01).
Using the predefined SR cut-off defining ≥ 1.25 as adenocarcinomas and < 1. 
ERUS assessment
The isolated ERUS evaluation correctly staged 13/21 (62%) of pT0 tumours, 6/13 (46%) of pT1 tumours, 1/8 (13%) of pT2 tumours and 14/15 (93%) of pT3 tumours. Eight pT0 tumours were overstaged as either uT1 or uT2; three pT1 were overstaged as uT2 or uT3 and four pT1 was understaged as uT0. Although 7/8 pT2 tumours were overstaged as uT3, these were interpreted as 'not uT0' for the purpose of differentiating adenomas (pT0) from early rectal cancer (pT1-2). Consequently the isolated ERUS differentiation of pT0 from pT1-2 yielded a sensitivity of 0.82 (95% CI 0.61-0.94), a specificity of 0.62 (95% CI 0.40-0.80), an accuracy of 0.72 (95% CI 0.58-0.85), a positive predictive value of 0.69 (95% CI 0.49-0.85) and a negative predictive value of 0.76 (95% CI 0.51-0.92).
Combined ERUS and graded elastography SR assessment
The proposed algorithm for a combined ERUS and elastography assessment T stage (eT) is shown in Fig. 3 . The combined eT0 assessment did not understage any adenocarcinoma as pT0 while correctly identifying 7/ 21 pT0 tumours. The eT0-1a and eT0-1b included all remaining adenomas and 10/13 pT1 tumours. No pT2-4 tumours were understaged with the combined assessment. In the patient series in this study 11/34 (32.4%) of tumours subsequently identified as pT0 or pT1 were treated with major resection based on MDT evaluation. If the proposed combined ERUS elastography eT staging algorithm had been applied this number of potentially 'unnecessary' major resections of the rectum would have been significantly reduced to 3/34 (8.8%, P = 0.008). Validity parameters are summarized in Table 3 .
Discussion
The current study is, to our knowledge, the first to evaluate the benefit of endorectal elastography SR measurements in the staging of adenomas and early rectal cancer. Strain elastography SR measurements were significantly different between different T stages (P > 0.001, one-way ANOVA). However, this difference does not seem to pertain to the SRs of pT2 and pT3 tumours, as demonstrated by their relatively wide and overlapping confidence intervals.
Consequently the potential benefit of elastography assessment is most likely to be related to early-stage neoplasia. Although ERUS is recognized as the most accurate staging modality for the early tumour [18, 19] , the differentiation of stages T0-T2 is challenging and depends on both examination technique and interpretation of the acquired images [20] [21] [22] [23] [24] . Our reported accuracy of ERUS (0.72; 95% CI 0.49-0.85) is consistent with the literature, as the higher reported accuracies are commonly associated with a high number of pT3 tumours and few or no pT0 tumours. When the predefined cut-off value of 1.25 was used to separate T0 tumours from T1-2 tumours, the accuracy improved compared with the assessment by ERUS (0.84; 95% CI 0.71-0.93) ( Table 2 ). Consequently using a simple dichotomous cut-off based on SR measurements may improve the ability of ERUS to identify adenomas eligible for local resection.
The isolated comparison of ERUS and elastography SR assessment is not as clinically relevant as a combined assessment. The continuous nature of SR measurements enables a graded approach to tumour assessment and as elastography evaluation in clinical practice is an add-on to the ERUS assessment a combined assessment strategy is a more sensible approach than regarding them as two distinctly separate methods. As explained in detail in the Method section, a graded set of elastography SR cut-off levels was deduced based on an ROC curve analysis and combined with the preceding ERUS uT stage. The combined ERUS and elastography T stage (eT) is shown in Fig. 3 . The algorithm was designed to stage tumours as eT0, eT0-1a, eT0-1b or eT2-4 ( Fig. 3) , combining the strengths of the two methods. If a confident distinction between uT0 and uT1 can be made based on the ERUS assessment, a local resection should be performed regardless of SR measurements, but if a well-defined full-thickness submucosa is not clearly depicted throughout the tumour the combined eT stage should be used to decide whether a local resection would be appropriate. Also, the tendency to understage T1 tumours as uT0 suggests that only tumours with SR ≤ 0.80 should be considered for endoscopic removal with a high likelihood of a piece-meal resection specimen.
Our results suggest that tumours confidently defined as uT3 or uT4 do not have any added staging benefit from combined assessment, and elastography can consequently be omitted. The suggested treatment categories were chosen based on national and local guidelines and would potentially differ based on the available treatment modalities in different centres or ongoing study protocols.
In this study 11/34 (32.4%) patients were treated with resectional surgery when on the basis of pathology (pT0 or pT1) a local excision might have been sufficient surgical treatment. This could be considered overtreatment and demonstrates the hazards of overstaging by the combined assessment of biopsies, endoscopy, CT, ERUS and MRI examination. Based on the proposed combined ERUS and elastography assessment this number would have been significantly reduced to 3/34 (8.8%, P = 0.008), whilst at the same time allocating all pT2-4 tumours for resectional surgery.
Other tumour characteristics such as size and location of tumour, histopathological features such as degree of differentiation, invasion in blood or lymphatic vessels and tumour budding in addition to patient related factors such as comorbidity, age and patient preferences are also important as part of the clinical decision-making process. Some pT1 tumours treated by TEM will be offered salvage surgery in the form of a total mesorectal excision based upon the presence of these risk factors in the resected TEM specimen. We recognize that all these factors should be taken into account in future decision-making.
The identification and evaluation of mesorectal lymph nodes are an important part of the treatment Table 2 Elastography strain ratio and ERUS differentiation of adenomas (pT0) and early rectal cancer (pT1-2) (95% confidence interval in parentheses, Blyth-Still-Casella) using a strain ratio of 1.25 as the cut-off value. decision, but elastography evaluation of lymph nodes was beyond the scope of this study.
Although a rigorous protocol for choosing tumour tissue and reference tissue on the B-mode pictures before elastography was applied to minimize bias, all elastography examinations was performed by one examiner immediately following the ERUS examination. Consequently an observer bias is possible. A sampling algorithm for SR evaluation was designed to avoid this, ensuring that only a grey-scale B-mode image was visible when regions of interest were chosen. Due to technical limitations regarding the format of saved elastography video loops and images, a blinded SR re-examination was not possible, making a reliability evaluation of elastography SR measurements unattainable.
In this study we have used a strain imaging method (extended combined autocorrelation method). Other elastography methods are available in combination with ultrasound imaging, based on vibration or shear-wave speed measurements. These algorithms have not been available, however, with probes designed for 360°imag-ing of rectal structures. It is important to note that other elastography algorithms or even updated software versions of strain elastography may produce different cut-off values. Definite cut-off values should be validated before being applied in clinical practice, but our findings suggest that the differences in strain patterns are due to morphological differences between adenomas, early rectal cancers and locally advanced cancers and as such the principle of eT staging is most probably applicable to other elastography algorithms.
In conclusion, the evaluation of rectal neoplasms by strain elastography may improve the preoperative staging of adenomas and early rectal cancer. A combined ERUS and elastography T staging seems able to improve the selection of patients for local resection. Future studies should be aimed at assessing the combined ERUS and elastography assessment as an integral part of the pretreatment algorithm to evaluate the actual impact on treatment decisions.
